JOURNAL  OF  CiFOPHYSlCAL  RF:SFARCH,  VOL.  94,  NO.  AI2.  PACKS  17. 169-17. 1S4.  OFX-FMBHR  I.  19X9 

DTIC 


The  Daytime  F  Layer  Trough  and  Its  Relation 
to  lonospheric-Magnetospheric  Convection 

J.  A.  Whalen 


ELECTE 
MAR  2  6  1990 


OV()/i/iv,v«'.v  l.iihoraiory ,  Hanscom  Air  Force  Base.  Massachiisells 


The  daytime  F  layer  trough  is  studied  by  means  of  an  extensive  network  of  ground-based 
ionospheric  sounders  in  the  northern  hemisphere  under  conditions  of  solar  maximum  near  winter 
solstice.  The  trough  is  observed  to  be  a  continuous  band  having  an  instantaneous  extent  of  thousands 
of  kilometers  consisting  of  depletions  in  the  daytime  electron  density,  often  by  an  order  of  magnitude. 
It  lies  in  regions  of  sunward  ionospheric-magnetospheric  convection,  an  afternoon  sector  correspond¬ 
ing  to  the  dusk  cell,  a  morning  sector  corresponding  to  the  dawn  cell,  and  morphology  and  activity 
dependence  consistent  with  convection.  As  detected  in  the  diurnal  distributions  of/.F^.  the  trough  is 
a  persistent  feature  at  high  latitudes,  appearing  on  each  day  of  a  .11 -day  period  of  continuous 
observation,  and,  although  highly  variable  from  day  to  day.  is  apparent  in  the  monthly  medians.  The 
afternoon  trough,  which  is  detected  independently  by  at  least  five  and  as  many  17  stations  on  each  day. 
is  generally  continuous  and  stationary  for  a  duration  of  many  hours  in  magnetic  latitude/magnetic  local 
lime  coordinates.  The  trough  contracts  during  quiet  conditions  so  as  to  lie  above  70°  magnetic  latitude 
but  expands  during  disturbed  conditions  so  as  to  extend  from  7.S°  to  .^2°  magnetic  latitude.  The  trough 
has  a  pronounceo  dependence  on  longitude,  appearing  principally  in  the  afternoon  in  eastern  magnetic 
longitudes  but  in  the  morning  in  western  magnetic  longitudes,  an  effect  so  prevalent  that  it  produces 
large  east-west  local  time  asymmetries  in  the  diurnal  distributions  of  median  daytime  F  layer  electron 
densities  throughout  a  wide  range  of  latitudes.  The  longitudinal  dependence  is  found  to  result  from  the 
relation  between  the  two  principal  coordinate  systems  of  the  ionosphere-magnetosphere  interaction: 
solar  geomagnetic  coordinates  in  which  the  convection  pattern  and  the  resultant  daytime  trough 
reside,  and  solar  terrestrial  coordinates  in  which  solar  ion  production  and  the  undisturbed  daytime  F 
layer  in  general  reside;  as  a  consequence  of  the  fact  that  these  coordinate  systems  vary  with  respect 
to  one  another  with  longitude,  the  trough  varies  within  the  daytime  F  layer  with  longitude. 


« 
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1.  Introduction 

Depleted  regions  of  ionospheric  plasma  in  the  daytime  F 
layer  have  been  known  to  exist  for  many  years,  having  been 
observed  by  Middrew  [196.“'],  Bowman  [1969],  Han.son  and 
Carlson  |I977],  Spiro  [1978],  Leitinger  et  al.  [1978],  Lcit- 
inger  and  Piitz  ]I986].  Ahmed  et  al.  [1979],  Ben'kova  et  al. 
[1980],  Grehowsky  et  al.  [1983],  Evans  et  al.  [1983],  Holt  et 
al.  [  1984],  Foster  et  al.  [I98.*'[,  Besprozvannaya  et  al.  ( 1986], 
and  Collis  and  Haggstrom  [1988],  These  workers  have 
termed  the  regions  main  trough,  mid-latitude  trough,  or 
high-latitude  trough,  and  although  the  three  terms  may 
describe  the  same  phenomenon  in  the  daytime  [Grehowsky 
et  al..  1983],  there  is  little  agreement  as  to  its  properties.  In 
general,  the  daytime  trough  has  been  thought  to  exist  only 
sporadically  and  to  be  associated  with  high  magnetic  activity 
]e.g.,  Ben'kova  et  al..  1980], 

Whalen  [1987],  using  a  global  network  of  ionospheric 
observatories,  showed  a  trough  to  exist  in  the  daytime  F 
layer  on  a  macroscopic  scale  as  an  integral,  spatially  contin¬ 
uous  entity,  the  instantaneous  extent  of  which  was  thou¬ 
sands  of  kilometers.  This  daytime  trough  was  present  during 
winter  conditions  under  a  large  range  of  activities  from 
disturbed  to  quiet,  often  appearing  as  an  order  of  magnitude 
reduction  in  electron  density  at  the  daytime  F  layer  maxi¬ 
mum.  The  trough,  the  equatorward  boundary  of  which  was 
stable  in  solar  geomagnetic  coordinates  for  many  hours,  was 
seen  to  recede  to  high  latitudes  during  quiet  conditions  but  to 
expand  .'o  as  to  extend  continuously  from  polar  cap  to 
mid-latitudes  during  disturbed  conditions.  These  observa- 
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lions  of  the  daytime  trough  found  it  to  be  similar  to  the 
ionospheric-magnetospheric  convection  pattern  in  morphol¬ 
ogy  and  activity  dependence  and  so  consistent  with  its 
resulting  from  sunward  convection  as  indicated  by  simulta-  J 
neous  measurement  of  electron  density  and  ion  velocity  by  < 
incoherent  scatter  radar  [e.g..  Holt  et  al..  1984:  Foster  et  at.. 
1985;  Collis  and  Haggstrom.  1988],  *■ 

In  addition,  striking  differences  were  observed  in  the  local 
time  occurrence  of  the  trough  at  stations  which  were  at  the 
same  magnetic  latitude  but  at  different  magnetic  longitudes. 

In  particular,  the  trough  appeared  principally  in  the  after¬ 
noon  at  Narssarssuaq.  Greenland,  but  in  the  morning  at 
Barrow.  Alaska. 

This  paper  reports  in  detail  the  results  of  the  study  of  the 
daytime  F  layer  trough  described  in  the  earlier  brief  report 
[Whalen.  1987],  and  of  a  study  of  trough  longitude  depen¬ 
dence  and  of  the  origin  of  this  dependence.  It  employs  the 
most  comprehensive  set  of  observations  of  the  high-latitude 
ionosphere  ever  made,  those  during  the  International  Geo¬ 
physical  Year  (IGY)  when  the  largest  number  of  ionospheric 
sounders  ever  assembled  were  in  operation.  The  period 
studied  is  December  1958,  hence  solar  maximum  and  winter 
solstice,  using  the  array  of  northern  hemisphere  ionospheric- 
sounders  shown  in  Figure  I .  Ionospheric  soundings  are 
made  simultaneously  at  hourly  intervals  throughout  the 
array,  continuously  throughout  the  31-day  period. 

The  geomagnetic  coordinate  system  used  here  is  the 
corrected  geomagnetic  (CG)  system  of  Hidtpvist  ]I958]  and 
Hakura  [1965]  as  described  further, by  Whalen  [1970],  This 
coordinate  system  is  well  established  and  known  to  be 
appropriate  for  this  period  since  it  is  the  system  in  which 
Feldstein  and  Starkov  ]I967]  defined  the  auroral  oval  from 
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Fig.  I.  The  IGY  network  of  ionospheric  sounders  operating  during  December  1958  which  provides  the  data  for  this 

study. 


geomagnetic  local  time  (CGLT)  and  local  (solar)  time  (LT) 
will  denote  mean  times  in  the  two  time  coordinate  systems. 

This  paper  will  show  that  the  daytime  trough  is  a  funda¬ 
mental  feature  of  the  daytime  ionosphere  during  this  period. 
The  approach  will  be  to  show  that  the  trough  is  visible  as  a 
function  of  LT  as  well  as  of  latitude;  that  it  has  a  character¬ 
istic  LT  signature  which  is  detectable  by  the  global  array  of 
ground-based  sounders  under  all  conditions  from  quiet  to 
disturbed;  that  its  equatorward  boundary  is  frequently  sta¬ 
tionary  for  many  hours  in  corrected  geomagnetic  latitude 
(CGIat)/CGl.T;  and  that  it  is  present  on  every  day  of  the 
continuous  31-day  period.  It  will  show  further  that  the 
properties  of  the  daytime  trough  observed  here  are  consis¬ 
tent  w  ith  its  being  a  product  of  ionospheric-miignetospheric 
convection  and  that  this  is  the  cause  of  its  longitudinal 
dependence.  That  is.  the  convection  pattern  resides  in  solar 
geomagnetic  coordinates  so  that  the  appearance  of  the 
trough  in  the  daytime  F  layer,  as  observed  in  solar  terrestrial 
coordinates,  is  subject  to  the  systematic  longitudinal  varia¬ 
tion  of  the  two  coordinate  systems  with  icspeci  to  one 
another. 


2.  Afternoon  Trough 

2.1.  Dctcctahilily  as  a  Function  Either 
of  Latilinie  or  of  Local  Time 

This  section  will  address  the  seeming  paradox  that  the 
trough,  which  was  originally  defined  as  a  latitudinal  feature, 
is  readily  observed  in  the  daytime  in  the  diurnal  variation  of 
f„F2  at  constant  latitude.  It  will  show  the  daytime  trough  in 
the  afternoon  sector  to  move  equatorward  with  time  and 
therefore  to  yield  a  characteristic  LT  signature  of  its  inter¬ 
section  with  a  ground-based  ionospheric  sounder. 

An  example  of  the  afternoon  trough  as  a  latitudinal  feature 
is  available  in  measurements  from  the  longitude  sector  of 
w'estern  Europe,  principally  the  Scandinavian  peninsula 
This  sector  is  unique  in  having  a  latitudinal  chain  of  nine 
sounders  which  can  measure  F  layer  latitude  profiles  with 
good  resolution  over  a  large  range  in  latitude  (Figure  1).  The 
plasma  frequency  at  the  F  layer  maximum.  measured 
by  nine  sounders  in  this  chain,  is  plott'';!  versus  CGlat  at 
hourly  intervals  starting  at  1200  L  T  for  2  days;  the  first  is  a 
quiet  day  (December  10.  I9.sx.  average  K/t  -  lo)  when  no 
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Fig.  2.  The  daytime  trough  in  latitude.  Latitudinal  profiles  of  flayer  ionization  at  hourly  intervals  of  local  time  from 
a  chain  of  nine  ionospheric  sounders  in  and  near  Scandinavia.  Two  days  are  shown:  (o)  a  quiet  day  when  no  daytime 
trough  is  .ibserved.  and  (ft)  a  moderate  day  when  the  daytime  trough  is  observed  to  exist  between  1300  and  1900  LT  and 
to  move  equatorward  during  that  interval. 


daytime  trough  is  detected  by  the  chain  (Figure  2a);  the 
second  is  a  moderate,  day  (December  2 1 .  1958,  average  Kp  = 
2o)  when  a  trough  appears  at  1300  LT  as  a  decrease  in  /..fi 
at  the  highest-latitude  station  (Figure  Ih)  and  moves  equa¬ 
torward  with  time  so  that  the  minimum  is  clearly  resolved  in 
latitude  between  1600  and  1900  LT. 

Because  the  trough  moves  equatorward,  its  passage  is 
recorded  as  a  decrease  in  f^Fi  as  a  function  of  LT  at 
individual  stations.  This  is  shown  in  the  diurnal  distributions 
of/„f2  for  these  same  two  days  at  Tromso,  the  chain  station 
at  highest  latitude,  the  smooth  curve  in  Figure  3  being  that  of 
the  quiet  day  and  the  curve  plus  points  that  of  the  moderate 
day.  The  depletion  on  the  moderate  day  as  compared  to  the 
quiet  day  (shaded)  is  thus  the  LT  profile  of  the  daytime 
afternoon  trough  with  onset  corresponding  to  the  passage  of 


Fig.  3.  The  daytime  trough  in  local  time.  Diurnal  distributions 
of  F  layer  ionization  for  the  two  days  of  Figure  2  recorded  at 
Tromso.  the  station  at  highest  latitude  in  the  .Scandinavian  chain. 
Because  the  daytime  trough  moves  equatorward.  the  station  inter¬ 
sects  it  as  a  function  of  LT  so  that  it  appears  as  the  depletion  in 
ionization  (shaded)  which  occurs  on  the  moderate  day.  the  onset  of 
the  depletion  recording  the  trough  equatorward  boundary. 


the  equatorward  boundary  over  Tromso.  Although  condi¬ 
tions  are  moderate,  electron  density  is  reduced  by  a  factor  of 
nearly  8  within  2  hours  following  trough  onset.  Such  a 
catastrophic  disappearance  of  the  daytime  F  layer  is  not 
unusual  for  this  period,  and  in  general  the  trough  signature  is 
easily  recognizable,  as  will  be  seen  below. 

2.2.  Deteclability  at  Differing 
Longitudes  and  Activities 

The  detection  of  the  trough  is  limited  neither  to  the  locale 
nor  to  the  conditions  of  Figure  2.  as  will  be  illustrated  for 
three  days  of  varying  conditions  of  activity  by  means  of 
partial  latitudinal  chains  in  two  different  longitudinal  sectors. 
However,  a  different  format  will  be  used  because  that  of 
Figure  2  is  not  suitable  if.  as  often  occurs,  stations  are  far 
apart  or  there  is  loss  of  data  due  to  spread  F  or  other 
disturbances. 

Latitude  signatures.  The  first  of  these  days  is  a  disturbed 
day  (December  4,  1958,  average  Kp  -=  5o)  observed  by  a 
European  chain  consisting  of  JR,  UP.  LY,  Kl,  MM,  and  TR 
(Figure  1).  Latitudinal  profiles  of  f„F2  from  1100  through 
1600  LT  are  plotted  together  in  Figure  4a.  At  1 100  LT  the 
profile  is  relatively  flat,  but  at  1200  LT  a  decrease  appears  at 
the  highest-latitude  station.  At  1300  LT  the  decreasing 
profile  has  moved  equatorward.  so  as  to  be  seen  by  the  three 
highest-latitude  stations.  At  1400  LT  this  profile  has  moved 
further  equatorward,  but  the  two  highest-latitude  stations  no 
longer  can  measure  because  of  disturbed  conditions. 
This  equatorward  progress  of  the  decreasing  profile  contin¬ 
ues  through  1600  LT.  Although  the  minimum  is  not  resolved, 
the  equatorward  boundary  and  the  decrease  polew'ard  of  it 
reveal  a  latitudinal  trough  in/„F2  which  moves  equatorward 
with  time. 

For  a  moderately  active  day  (December  23.  average  Kp  = 
3-)  the  same  chain  of  stations  first  detects  the  trough  at  1400 
LT  though  having  a  somewhat  irregularly  decreasing  latitu- 


17.172 


Whalen:  The  Daveime  F Layer  Trough  and  Convection 


JR  UP  LY  LU  K1  Xn 


50*  60'  70*  80* 

CGlaC 

Fig,  4.  Daytime  trough  profiles  for  a  range  of  -li  ;s  recorded 
at  two  different  locations.  Latitudinal  profiles  or  detected  on 
three  days  by  latitudinal  chains  of  ground-based  ionospheric  sound¬ 
ers.  Stations  are  identified  above  each  graph,  and  the  LT  of  each 
profile  is  labeled.  In  each  case  there  is  a  latitudinal  trough  which 
progresses  equatorward  with  time,  (n)  Disturbed  conditions  (De¬ 
cember  4.  1958)  observed  by  a  Scandinavian  chain,  (b)  Moderately 
active  conditions  (December  23.  1958)  observed  by  a  Scandinavian 
chain,  (c)  Moderately  quiet  conditions  (December  II,  1958)  ob¬ 
served  by  an  eastern  North  American  chain. 


dinal  profile  between  MM  and  KI  (Figure  4b).  The  profile 
moves  progressively  equatorward  with  time,  the  trough 
minimum  being  detected  in  the  final  profile  at  1600  LT, 

For  a  moderately  quiet  day  (December  II,  Kp  =  2o), 
stations  in  eastern  North  America  are  employed,  consisting 
of  SJ,  NQ,  FC,  and  FB.  Figure  4c  shows  a  pattern  similar  to 
the  previous  two  in  that  the  latitudinal  depression  of 
appears  first  at  the  highest  latitudes  and  moves  progressively 
equatorward  with  time.  Although  the  latitudinal  resolution  is 
poor,  the  trough  minimum  is  detected  in  the  last  profile  at 
1700  LT. 

As  in  Figure  2  the  trough  in  each  of  the  three  cases  i.->  a 
latitudinal  depletion  in/„Fi  which  moves  equatorward  with 
time.  With  decreasing  activity  the  pattern  as  a  whole  is 
displaced  poleward  and  to  later  times  and  moves  equator- 


Fig.  5,  LT  signatures  of  the  daytime  trough.  Examples  of  diur¬ 
nal  distributions  of  the  trough  recorded  over  a  large  range  of 
latitudes  on  the  three  days  of  Figure  4  (points)  compared  to  the 
distributions  for  a  quiet  day  (smooth  curve),  (o)  Disturbed  condi¬ 
tions  observed  at  UP  (56.5°  CGlat).  (i)  Moderately  active  conditions 
observed  at  KI  (64.3°  CGlat).  (c)  Moderately  quiet  conditions 
observed  at  FB  (75,4°  CGlat).  Quiet  day  curve  is  inferred  as 
described  in  the  text. 


ward  more  slowly.  This  will  be  shown  below  to  be  a 
consequence  of  the  morphology  of  the  trough  in  CGlat/ 
CGLT  and  of  its  stability  in  these  coordinates. 

LT  signatures.  Examples  of  the  LT  signature  of  the 
afternoon  trough  as  observed  by  individual  stations  in  the 
above  three  cases  are  shown  in  Figure  5.  in  which  the  diurnal 
distribution  for  each  day  is  compared  to  that  for  the  most 
quiet  day  (December  1 ,  average  Kp  =  1  -):  UP  at  56.5°  CGlat 
for  the  disturbed  day  in  Figure  5a;  KI  at  64.3°  CGlat  for  the 
moderately  active  day  in  Figure  5h\  and  FB  at  75.4°  CGlat 
for  the  moderately  quiet  day  in  Figure  5r. 

At  FB  the  comparison  quiet  day  distribution  is  not  from 
FB  because  the  afternoon  trough  occurs  at  this  station  on 
even  the  most  quiet  day.  Instead,  the  undisturbed  quiet  day 
distribution  is  inferred  near  midday  from  LY.  a  station  which 
has  nearly  the  sanie  geographic  latitude  as  FB  (64.6°  com¬ 
pared  to  FB  at  63.8°)  and  hence  has  nearly  the  same  solar  ion 
production  but  has  a  much  lower  CGlat  (61.2'  as  compared 
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10  FB  at  75.4'’).  Since  the  trough  does  not  oecui  in  the 
daytime  F  layer  at  LY  on  this  quiet  day.  it  is  adequate  to 
show  that  there  is  a  trough  at  FB  which  departs  considerably 
from  an  expected  regular  distribution.  The  trough  signature 
is  so  evident  that  its  detection  does  not  require  the  compar¬ 
ison  of  a  specific  quiet  day  curve,  not  only  here  but  also  in 
Figures  4,  5(i.  and  5h.  Flowever,  other  phenomena  which 
might  affect  such  comparisons  are  discussed  in  the  appendix. 

The  depletions  identified  as  the  afternoon  trough  in  Figure 
5  have  very  similar  signatures  in  the  nearly  exponential 
decrease  between  the  equatorward  edge  and  trough  mini¬ 
mum.  although  they  span  nearly  20°  of  CGlat  and  a  large 
range  of  activity.  These  three  cases  illustrate  the  general 
case  that  the  trough  onset  is  a  characteristic  signature  of  the 
afternoon  trough  equatorward  boundary  which  is  detectable 
throughout  a  large  range  of  activities,  latitudes,  longitudes, 
and  local  times.  As  a  result  the  detection  of  the  equatorward 
boundary  is  not  limited  to  latitudinal  chains  of  stations  in  the 
same  longitudinal  sectors  but  is  possible  virtually  worldwide 
by  the  members  of  the  IGY  array  of  sounders  for  each  of  the 
31  days  of  December  1958.  The  high  visibility  and  frequency 
of  occurrence  of  this  LT  signature  as  observed  at  a  single 
station  during  the  entire  month  will  be  seen  in  Figure  7.  The 
following  section  will  show  this  feature  to  be  remarkably 
stable  w'hen  observed  over  much  of  the  Earth  in  CGlat/ 
CGLT. 

CGIatICGLT.  By  use  of  all  available  measurements  by 
the  array  of  sounders  shown  in  Figure  1 ,  the  observed  time 
of  onset  of  the  afternoon  trough  expressed  in  CGLT  is 
plotted  versus  CGlat  for  each  station  for  each  of  the  above 
three  days. 

The  measurements  on  the  disturbed  day  by  16  stations 
between  DI  and  YE  during  14.5  hours  UT  are  shown  in 
Figure  6a.  Whalen  [1987]  has  given  a  detailed  description  of 
the  individual  measurements  on  this  day.  The  measurements 
on  the  moderately  active  day  by  13  stations  between  DI  and 
BW  during  18  hours  UT  are  shown  in  Figure  (>b.  The 
measurements  on  the  moderately  quiet  day  by  13  stations 
between  BT  and  YE  during  17.25  hours  UT  appear  in  Figure 
6c. 

In  each  of  the  three  cases  the  trough  equatorward  bound¬ 
ary  is  continuous,  single  valued,  and  stationary  in  CGlat/ 
CGLT  for  many  hours.  It  is  because  the  trough  boundary 
remains  fixed  for  such  an  extended  period  in  this  solar 
geomagnetic  frame  of  reference  that  ground  stations  detect  it 
as  a  consistent  feature  irrespective  of  longitude  as  they  are 
carried  beneath  it  with  the  rotation  of  the  Earth.  Because  the 
trough  decreases  in  CGlat  with  increasing  CGLT,  ground 
stations  at  the  same  longitude  intersect  it  earliest  at  the 
highest  latitude,  and  progressively  later  at  progressively 
lower  latitudes.  In  the  reference  frame  of  the  latitudinal 
chain  the  trough  therefore  appears  as  a  depression  in  /„F; 
that  moves  equatorward  with  time,  as  seen  in  Figures  2a  and 
4.  Figure  8  will  display  the  equatorward  boundary  for  each  of 
the  31  days  studied,  and  Figure  10  will  show  the  similarity  of 
this  boundary  to  that  of  the  convection  pattern. 

2.3.  Daily  Occurrence 

LT.  An  example  of  how  frequently  the  afternoon  trough 
is  observable  via  its  LT  profile  in  this  data  set  is  shown  in  the 
diurnal  distributions  of/„F'2  from  Narssarssauq.  Greenland 
(NQ).  for  each  of  the  31  days  of  December  1958  in  Figure  7. 
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Fig.  6.  Equatorward  boundaries  of  the  afternoon  trough. 
Trough  onsets  detected  bv  the  sounder  arra>  in  Figure  1  for  the 
three  days  of  Figure  4  plotted  in  CGIat/CGLT.  (a)  Disturbed,  ih) 
Moderately  active,  (c)  Moderately  quiet. 


As  compared  to  the  smooth  curve,  which  is  derived  from  the 
most  quiet  days  of  the  month,  there  is  a  trough  principally  in 
the  afternoon  which  occurs  on  most  days,  the  onset/ 
equatorward  edge  of  which  is  indicated  by  the  arrow  in  each 
case.  This  depletion  is  often  very  large,  reducing /„F2  near 
midday  when  solar  ionization  rates  are  greatest  to  values 
near  or  below  the  quiet  nighttime  levels  (e.g..  December  2). 
On  other  days,  no  afternoon  trough  is  evident  at  this  station 
(e.g..  December  1  and  10).  The  day-to-day  variability  is  very 
large,  a  fact  which  will  be  emphasized  in  the  overplot  of 
these  distributions  in  Figure  12. 
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Fig.  8.  Daily  occurrence  of  the  daytime  trough  in  CGlat/CGLT.  Ensemble  of  all  determinations  of  trough  equatorward  boundaries 
rectrrded  in  the  afternoon  sector  by  the  global  array  of  sounders  for  each  day  of  December  1958.  Date  and  average  Kp  for  the  UT  day  are 
shown  below  each  plot. 
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The  depressed  daytime  values  of '  seen  clearly  on 

three  days.  December  .s.  1.7.  and  18.  are  negative  storm 
eft'ects  associated  with  the  magnetic  storms  of  December 
4-,^.  1.7.  and  17-18.  Although  this  infrequent  storm  effect 
tends  to  obscure  the  trough  signature  at  NQ.  it  is  seen  at 
other  stations  on  these  three  days. 

The  afternoon  trough  is  such  a  common  occurrence  that  it 
is  es'ident  in  the  median  for  the  month  (MED  in  Figure  7). 
Section  7  will  show  the  trough  to  be  such  a  fundamental 
feature  that  it  appears  in  the  monthly  medians  throughout  a 
large  range  of  latitudes  and  longitudes. 

Hqt4atorward  houmlttry  in  CGI/it/CGL7.  By  use  of  the 
entire  ensemble  of  stations,  the  afternoon  trough  equator- 
ward  boundary  is  observed  on  each  day  of  December  19.‘'8. 
The  results  are  displayed  in  Figure  8  plotted  in  CGlat/CGLT. 
the  date  and  average  Kp  appearing  below  each  graph.  The 
boundary  is  continuous,  extensive,  and  often  stationary  in 
these  coordinates  for  many  hours  on  individual  days  but  can 
be  extremely  variable  trom  day  to  day.  The  scatter  which 
appears  in  the  measurements  particularly  on  active  days 
implies  variations  in  position  over  the  course  of  the  obser¬ 
vations.  On  eight  days,  systematic  changes  in  position  occur 
which  permit  detection  of  two  relatively  stable  distributions 
which  are  separated  by  longitude  and  LIT.  The  position  of 
the  boundary  observed  principally  in  Europe  is  shown  by 
open  circles,  and  the  position  observed  principally  over 
North  America  is  shown  by  solid  circles  for  each  of  these 
days  (December  7.  9.  16.  19.  24.  26.  27.  and  71). 

There  are  717  observations  of  the  trough  boundary  shown 
in  Figure  8.  On  the  individual  days  the  number  of  indepen¬ 
dent  observations  of  the  trough  varies  from  a  minimum  of 
five  to  a  maximum  of  17.  the  average  being  10  per  day. 

Note  that  the  trough  boundary  often  spans  continuously 
an  extensive  range  of  latitudes,  particularly  during  active 
conditions.  Accordingly,  the  terms  high-latitude  trough  and 
mid-latitude  trough  do  not  adequately  describe  the  phenom¬ 
ena. 

UT  licpcmlciu  e.  Each  of  the  observations  of  the  equa- 
torward  boundary  is  shown  as  a  function  of  UT  for  each  day 
in  Figure  9.  A  line  connects  those  measurements  which  are 
interpreted  as  a  single  boundary  in  Figure  8.  As  in  Figure  8 
when  two  distributions  are  resolved,  that  from  the  European 
sector,  observed  at  the  earlier  UT,  is  shown  by  open  circles; 
that  from  the  North  American  sector,  observed  at  the  later 
UT.  by  solid  circles. 

Continuity  in  space  and  time.  The  continuity  shown  in 
CGlat/CGLT  in  Figure  8  is  the  cumulative  result  of  measure¬ 
ments  which  are  generally  septirated  in  UT.  However,  there 
are  many  simultaneous  observations  of  the  equatorward 
boundary  in  Figure  9.  Because  these  simultaneous  observa¬ 
tions  are  at  different  locations,  the  equatorw'ard  boundary  is 
observed  to  be  spatially  continuous  instantaneously  between 
the  two  locations  in  each  case. 

Because  a  station  remains  beneath  the  trough  for  several 
hours  after  the  passage  of  the  equatorward  boundary,  a 
given  station  is  usually  still  observing  the  trough  at  the  time 
the  next  station  encounters  it.  so  that  both  observe  the 
trough  simultaneously  at  different  locations.  Accordingly, 
the  trough  itseif  is  seen  to  be  a  spatiall)  v>..iitiriiious  entity 
instantaneously  for  each  such  pair  of  consecutive  observa¬ 
tions.  This  instantaneous  spatial  continuity  of  the  trough  was 
shown  in  a  "snapshot"  of  the  day  time  trough  on  December 
4  by  Whalen  |I987|  which  mapped  the  instantaneitus  extent 


Fig.  9.  Duration  and  continuity  of  the  afternoon  trough.  UT  of 
all  the  measurements  of  the  equatorward  boundaries  of  the  after¬ 
noon  trough  shown  in  Figure  8  for  each  day  of  December  1958. 
Points  which  form  a  single  distribution  in  Figure  8  are  connected  by 
a  line.  Open  circles  are  the  earlier  of  the  two  distributions  in  Figure 
8.  Since  stations  are  within  the  trough  for  several  hours  following 
the  passage  of  the  equatorward  boundary,  the  trough  is  observed  to 
be  continuously  present  for  durations  which  in  most  cases  corre¬ 
spond  to  the  lengths  of  these  lines. 


as  a  spatially  continuous  feature  of  approximately  6000  km  in 
length  from  Baffin  Island  (FB)  to  the  Ural  Mountains  (SV). 
Although  observed  in  segments  in  Figure  9.  instantaneous 
spatial  continuity  of  the  trough  is  observed  on  every  day  of 
December  19.58. 

Because  of  the  overlap  of  adjacent  observations,  the 
trough  itself  is  observed  continuously  for  durations  corre¬ 
sponding  to  the  lengths  of  the  lines  in  Figure  9  in  most  cases. 
The  most  prolonged  observation  occurs  on  December  27 
when  the  trough  is  under  continuous  observation  for  more 
than  18  hours  UT. 

The  absence  of  data  points  between  about  0270  and  0770 
UT  in  Figure  9  corresponds  to  an  absence  of  observations  in 
the  longitudinal  sector  between  BW  in  Alaska  and  DI  in 
Siberia  (Figure  1 ).  This  is  because  TI.  the  only  station  in  this 
sector  at  a  hititude  where  t!<e  trough  appears  routinely  in 
other  sectors,  did  not  produce  usable  data  during  this  month. 

The  afternoon  trough  is  observed  on  each  of  the  71  days, 
under  all  conditions  of  activity  from  quiet  to  disturbed  and  at 
all  U  Ts  and  longitudes,  with  the  exception  of  the  -Xsian 
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Fig.  10.  Kp  dependence  of  ihe  daylime  Irough.  (</)  EqiialEiruard  Enough  boundaries  from  Figure  4  ov  eiplolled  for  four 
levels  of  average  Kp.  (h)  Comparison  of  eonveclion  boundaries  determined  from  l)F  2  elecEric  field  measurements. 


longitutJe  sector  noted  above.  The  fact  that  the  trough  e.xpands 
equatorward  with  increasing  activity  means  that  more  stations 
can  observe  it  during  active/expanded  conditions  than  during 
quiet/contracted  conditions.  This  increased  likelihood  for  de¬ 
tection  is  apparently  the  reason  that  the  daytime  trough  has 
been  thought  to  be  associated  exclusively  with  periixis  of  high 
activity  [e.g.,  Bcii'kova  ct  til..  1980], 

An  example  of  how  a  limited  array  of  measurements  can 
fail  to  observe  the  trough  occurs  on  December  10  when  the 
afternoon  trough  is  not  detected  by  the  Scandinttvian  chain 
(Figure  2)  but  is  seen  to  exist  elsewhere  on  this  day.  as  is 
indicated  in  Figure  8.  On  this  quiet  day  the  trough  is 
contracted  poleward,  so  as  not  to  extend  below  abt'Eit  69°. 
and  hence  does  not  intersect  the  chain,  the  high-latitude  limit 
of  which  is  f(6". 

Kp  depeinlcncc  and  rt'latian  to  the  fonveetion  hound- 
ary.  The  equatorward  boundaries  of  the  afternoon  trough 
for  all  days  when  a  single  boundary  is  observed  in  Figure  8 
arc  gnniped  in  terms  of  Kp  as  averaged  over  the  (JT  day  and 
overplotted  in  Figure  lOu  for  four  Viilues  of  Kp:  I.  2.  3.  and 
.'i  (there  being  no  day  with  average  Kp  of  41,  Although  there 
is  considerable  spread  and  consequent  overlap  between  the 
groups,  there  is  a  trend  to  rotate  clockwise  and  expand 
equatorward  as  Kp  increases.  This  trend  is  consistent  with 
that  of  the  convection  pattern  le.g..  Markhind  et  ul..  198.‘'|. 

.\s  a  more  direct  comparison,  the  median  low-l;i(itude 
convection  boundaries  inferred  from  electric  field  threshold 
measurements  by  Dynamics  Explorer  2  \Ueppner  and  May¬ 
nard.  19871  are  shown  below  each  of  the  overplots  at  the 
corresponding  values  of  Kp  (Figure  lOb).  The  two  sets  of 
boundaries  are  similar  to  one  another  in  Kp  dependence  and. 
particularly  for  the  more  active  conditions,  in  morphology. 
Apparently,  the  equatorward  boundary  of  the  afternoon 
trough  is  the  equatorward  threshold  of  the  ionospheric 
effects  of  convection.  Further  evidence  of  the  relation  of  the 
trough  to  the  convection  pattern  will  be  shown  in  section 
and  in  the  longitude  and  latitude  dependence  of  the  trough  in 
section  4. 

.3.  MoRNiNci  AND  Afternoon  Troucehs  and 
IMF  Two-Cfi.e  Convfc  rioN  Pai  tfrn 

Baker  Lake.  Canada  (BL).  at  7.S.  |  CCilat  is  an  oval  station 
in  daytime  but  a  polar  cap  station  sEt  night  ;End  so  can  be 


expected  to  spend  lime  in  both  sunward  and  antisunward 
convective  flows.  This  station  is  therefore  well  positioned  to 
observe  the  effects  of  convection  on  its  F  layer  both  in  the 
daytiiEie  and  in  the  nighttime.  Figure  I  \  a  shows  the  Decem¬ 
ber  19.‘'8  median  /„F;  (points)  as  a  function  of  LT.  The 
smooth  curve  labeled  “PD"  is  not  from  BL  since  the 
daytime  trough  is  observed  there  on  every  day.  even  the 
most  quiet.  Instead,  the  smooth  curve  is  the  median  from 
Providenya  (PD),  a  station  which  is  at  nearly  the  same 
geographic  latitude  as  BL  (64.4°  as  compared  to  BL's  64. .3°) 
but  at  a  much  lower  CGIal  (60. .3°  as  compared  to  BL’s  7.“'.  D. 
As  a  result,  solar  ion  production  is  the  same  for  the  two 
stations,  but  convective  effects  in  the  daytime  are  minimal  at 
PD.  Thus  the  smooth  curve  is  an  inference  of  what  the 
median  daytime  distribution  of./'„f2  would  be  at  BL  in  the 
absence  of  convective  effects.  (The  possible  effects  of  other 
phenomena  on  this  comparison  are  discussed  in  the  appen¬ 
dix.) 

In  relation  to  this  reference  curve,  there  is  a  depletion  in 
electron  density  at  BL  tsnown  shaded)  in  the  afternoon 
which  is  the  signature  of  the  afternoon  trough  described 
above.  In  addition,  there  is  a  similar  depletion  in  the  morning 
which  is  the  signaluie  of  a  morning  trough.  Conversely, 
there  are  enhancements  at  BL  relative  to  PD  from  evening 
through  midnight  to  morning. 

To  illustrate  schematically  how  these  effects  are  related  to 
convection,  a  model  of  a  two-cell  convection  pattern  [Heelis 
el  al..  1982)  is  shown  in  Figure  I  lb  bounded  by  solid  curves, 
the  dashed  circle  representing  the  convection  reversal 
boundary.  Regions  in  which  sunward  convective  transport 
can  disphice  high-densitv  daytime  plasma  with  low-density 
nighttime  plasma  are  shown  shaded.  As  the  rotation  of  the 
Earth  carries  BL  along  the  path  shown  as  the  circle  near  7.“'° 
CGIat.  its  intersection  with  these  regions  corresponds  to  its 
observation  of  the  daytime  trough,  the  morning  trough  with 
Ihe  dawn  cell  and  th.  afternoon  trough  with  the  dusk  cell. 
Conversely,  when  the  station  crosses  the  convection  rever¬ 
sal  boundary  passing  into  the  region  of  antisunward  convec¬ 
tion.  it  observes  a  relative  enhancement  consistent  with 
displacemeiEt  of  low-density  nighttime  plasma  with  higher- 
density  da>time  plasm;i.  The  maximum  ne;ir  middav  corre¬ 
sponds  to  Ihe  piEssiige  of  the  stiEtion  through  the  so-c;illcd 
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throat  hctucen  the  two  colls.  Here  the  h  laser  tipproaehes 
the  iindisiurhed  level,  which  ni:i>  be  due  either  ti)  lociil  ion 
production  or  to  the  floss  of  phtsinti  into  the  throtil  IVom 
elsewhere  on  the  das  side  viti  antisiinssard  convection,  as 
reported  bs  AiV//v  din/  \'i(  krcy  |I‘W4|.  The  nest  section  will 
show  sariatioos  ol'  the  morning  and  iifternoon  troughs  with 
both  longitude  and  latitude  which  tire  tilso  consistent  svith 
the  interpretation  that  the  troughs  result  I'roiu  a  tsso-cell 
convection  pattern. 

I'he  existence  and  location  of  the  morning  tind  afternoon 
troughs,  the  midday  peak,  and  the  polar  cap  enhancement 
are  therefore  all  qualitatively  consistent  with  plasma  dis¬ 
placement  bs  convection.  However,  it  is  by  ni>  means 
certain  that  a  single  mechanism  is  responsible  for  these 
observtitions.  and  other  mechanisms  have  been  proposed, 
such  as  ion  chemical  cITects.  w  hich  could  produce  depletions 
contributing  to  die  formation  ofdaytiiiic  b  Ia)ci  trough  |e."  , 
Mofffll  and  Qiiryan.  198.^).  In  addition,  ioniziition  by  pani¬ 
cle  precipitation  is  a  possible  source  contributing  to  the 
elevated  electron  density  in  the  polar  cap.  However,  a 
detiiiled  determination  of  the  mechanisms  responsible  for 
these  observations  is  clearly  beyond  the  scope  of  the  mea¬ 
surements  of  /'.bd  reported  here. 

Irrespective  of  the  mechanism,  it  is  clear  that  convection 
plays  a  fundamental  and  persistent  role  in  the  daytime  /■' 
layer  at  Bl..  Further  evidence  of  this  role  will  be  seen  at  a 
variety  of  latitudes  and  longitudes  in  the  next  section. 


4.  i  ROl  (,ll  I.OM.I  I  t  DIN  St  l)lI>INDtN(l 

Wluilcn  1 1987|  found  a  longitudinal  dependence  of  the  1,1 
ocetirrcnce  of  the  das  lime  trough  which  caused  the  daytime 
/  laser  to  be  sers  dill'ereni  at  NQ.  (ireenland.  from  that  at 
BW.  .Maska.  although  the  two  stations  are  at  nearly  the  same 
('Glal.  In  parliculiir.  the  trough  tippeared  principtills  in  the 
iifternoon  at  Nt.}  hut  in  the  morning  at  BW.  This  section  ssill 
shoss  that  this  is  a  sers  geneiiil  ell'ect  sshich  results  from  the 
fact  that  the  trough  is  produced  bs  the  convection  pattern. 

4.1.  Longitudinal  Chain 

The  longiludiniil  elTeci  iippears  in  more  detail  in  the 
measurements  by  hve  ionospheric  sounding  stiitions  which 
spiin  the  North  .-Xmerican  continent  beisseen  NQ  and  BW  at 
nearly  the  same  CCi  hiiitude  (  70  ).  fable  1  identities  the 
stations  and  their  coordinates,  the  lociitions  of  which  are 
shown  in  Figure  I,  fhese  stations  thus  form  a  longitudinal 
chain  which  can  observe  the  day  time  trough  as  a  function  of 
CGIong  svhilc  holding  C’Glat  constant. 

Figure  12  shovs  s  /,,F  ,  as  a  function  of  l.'f  for  each  of  the 
live  stations  of  the  longitudinal  chain  in  an  overplot  of  all  .71 
days  of  December  19.‘'8.  The  order  of  the  stations  top  to 
bottom  corresponds  to  their  order  etisl  to  west.  The  two  or 
three  distributions  sshich  have  the  lowest  day  time  values  of 
/’,F;  in  each  of  these  overplots  are  the  negative  elFects 
associated  with  magnetic  storms.  .As  noted  in  relation  lo 


T.ABl.K  1.  Ionospheric  Sounding  Stations  forming  the  l.ongitiidinal  Chain 


Station 

Symbol 

Corrected 
Geoiiiagnelic 
l.alilude.  N 

Corrected 
Geomagnetic 
Longitude.  Fi 

(ieographic 
Latitude.  N 

(icographiu 
l.ongiluJc.  N 

Narssarssuaq 

NQ 

69.0 

4.S.6 

61.2 

.714.6 

Ft.  Chimo 

FC 

70.. X 

10.4 

.XS.l 

291.6 

Churchill 

CH 

70.  .t 

.^2.‘i.9 

.^8.8 

26.S.8 

Yellowknife 

YF 

69.8 

29.S.0 

fO.4 

24.S.6 

BariT>v\ 

BW 

69,7 

246.9 

7l..t 

20.7.2 
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1 1^;  I’  I  he  li'n;;iIiKlin.il  dcpomk'n'.i.’ Ill  (lie  il.iv  (line  fiiiimh  An 
oveipli'l  ot  iliiirn.il  iliNinhiilions  nl’/  ,/  •  lor  ,ill  'I  il,i\s  ol  DeeeniHer 
I9^S  for  ciieh  sl.ilion  ol  .i  loiipiuulin.il  eh.iin  .il  '0  ('(l);ii  Ihc 
Irouph.  Ihoiiph  i.in.ihle,  oeeiiis  pnneip.ilK  in  ihe  .iflcrnoon  .il  NO 
bin  in  the  nunninp  .n  .  ,i  cb.inpc  in  1  I  oeeniieneo  whieh  I. ikes 
pliiee  propiessii el >  nilh  lonpiliiile  Noon  (dll.  shonn  ,is  ihe 
arrow  at  Ihe  top  of  eaeh  pr.iph,  shifts  froni  prenoon  I  I  to  posinoon 
l.f  user  this  s.nne  lonpitnile  inten.il.  inilii.ilinp  the  s.iii.ilion  of  the 
eoorilinale  sisients  responsible  lor  the  i.iri.ilion  of  Ihe  troiiph 


I  ipiirc  Il.is  iiep.iliie  sioini  eUceT  is  both  icri  infrcqiie’iit 
amt  \cr\  ililVe'icnl  lioni  the  Irotiph  elYect. 

At  NO  the-  lucrplot  ol  the  disii ihiiliuns  luhich  urc  all 
shown  imiiv altialK  in  1  ipurc  7t  timls  the  increases  of /'./ i 
I’ollowini;  sunrise  to  he  \ei  >  similar  IVom  day  to  da\ . 
Howecer.  as  comp;ired  to  Ihe  most  quiet  days  which  form 
the  upper  envelope  of  the  overplols  in  Ihe  davtime.  there  is 
a  depletion  occurrinp  on  neaiK  ever\  da\  indictitinp  the 
afternoon  trotiph.  I  he  larpe  variation  of  1,1  in  the  onsets  of 
these  depletions  results  from  the  Uirge  dav-to-dav  variation 
in  the  afternoon  trough  morphologv  seen  in  I'ipure  ft, 

Ihe  pattern  at  lfV\'  is  nearlv  Ihe  opposite  of  that  seen  at 
NO  in  that  the  decreases  in  the  afternoi'ii  are  quite  similar  to 
one  another,  hut  the  incretises  in  the  morning  are  highlv 
vtiriahle.  Thus  the  principal  trough  at  BW  is  the  morning 
trough,  and  its  dav-to-d;ty  vartahon  ts  also  highly  variahle.  In 
mov  ing  from  east  to  west  along  the  chain,  the  eMenl  in  l.  f  of 
these  variahle  occurrences  of  the  morning  trough  increases, 
and  that  of  the  afternoon  trough  decreases.  I'heiefoie  the 
longitudinal  ell'eci  which  u;is  observed  by  means  of  two 
stations.  NQ  and  BW.  is  seen  here  to  occur  conliniiouslv  as 
;i  function  of  longitude  bv  metins  of  all  five  sitiiions  of  the 
chiiin. 

The  reason  for  this  hehav  lor  is  indicated  in  the  v  ariation  of 
notni  (Til.  I  (shown  as  the  arrow  at  the  top  of  each  gniph  in 
l  igure  12i  from  prenoon  l.f  in  the  etist  to  posinoon  in  the 
west.  1  htis  because  CTil.  f  undergoes  a  displacement  rela¬ 
tive  to  1.1  with  limgilude.  the  convection  pattern  ;ind  its 
elTects.  the  morning  tind  afternoon  troughs,  undergo  ;i  dis 
placement  relative  to  the  tindisttiibed  davtime  /•  layer  with 
longitude,  so  as  to  occur  earlier  in  1.1  in  the  ettst  than  in  the 

west. 

.•\t  C'H.  noon  C  Cil.r  occurs  at  nearly  the  same  time  as 
noon  l.  f.  tind  the  elVects  of  both  dtivvn  and  dusk  convection 
cells  iire  tipparent  in  the  morning  and  afternoon  troughs,  a 
sittitition  similar  to  thtit  at  BL  in  l  igure  llu.  Bv  contrast  tit 
N(.^.  noon  (Til.  I  is  displaced  to  earlier  1.  T.  so  Ihtil  Ihe  dtiwn 
cell  tends  to  occur  before  Ihe  sunrise  incretise  in  electron 
density.  Thus  the  dtiwn  cell  does  not  produce  ;i  visible 
morning  trough  at  N(.J.  but  Ihe  dusk  cell  occurs  nearer 
midday  and  so  produces  an  enhanced  afternoon  trough 
which  is  in  elVect  the  only  one  tipparent  there. 

.•\(  BW  the  displacement  of  noon  CCiL  I'  is  to  later  l.T.  so 
Ihtit  Ihe  dusk  cell  tends  to  occur  after  the  sunset  decrease  in 
election  density .  so  that  the  afternoon  trough  is  not  visible. 
However,  the  dtivvn  cell  occurs  near  middtty  and  so  is 
enhtinced  to  the  point  of  being  the  only  one  v  isible.  The  next 
section  will  show  thtii  this  longitude  elVeet  is  not  limited  to 
the  latitude  regime  of  this  chtiin  of  stations  but  occurs  over  a 
huge  range  of  Itilitiide  and  longitude  and  is  a  very  general 
elTeci  of  the  relation  between  the  two  coordinate  sy  stems. 

4  2.  hU  itiK  td  Stiiiioiw 

The  large  number  of  sttilions  tivtiilable  during  this  period 
presents  an  extraordintirv  opporiiimiy  to  examine  the  tibove 
longiltidintil  dependence  over  ;i  large  rtinge  of  latitudes  in  a 
controlled  manner.  This  is  because  there  are  pairs  of  stations 
which  htive  netirly  the  stinie  (Ti  hilitudes  ;is  one  another  as 
well  as  nearly  the  same  geographic  latitudes  as  one  tinother. 
ligure  I'  m.ips  the  location  of  these  ■■Klenlic;il  twin" 
stations  shown  connected  bv  stiaight  lines,  .ind  Table  2  lists 
their  coonlin. lies.  The  four  p.urs  thus  span  ;i  Tililtide  interval 


I  ".I, so 
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Fig.  IT  Identical  twin  "  stations:  pairs  of  stations  which  have  nearly  the  same  magnetic  latitude  and  nearly  the  same 
geographic  latitude.  These  form  the  basis  of  a  controlled  study  of  trough  dependence  on  longitude, 

differences  in  longitude  of  convective  effects.  (The  appendix 
discusses  the  possible  role  of  other  phenomena  in  this 
comparison.) 

The  median /„F;  for  each  of  the  pairs  is  plotted  together 
versus  LT.  the  eastern  one  shown  as  a  solid  curve  and  the 
western  one  as  a  dashed  curve  (Figure  14).  The  arrows  at  the 
top  of  each  plot  locate  noon  CGLT  on  the  LT  axis  for  each 
pair,  again  solid  for  east  and  dashed  for  west. 

At  the  highest  latitude,  BL  has  trough-related  depletions 
in  both  morning  and  afternoon  (as  described  in  Figure  1  lu), 
whereas  FB  has  principally  an  afternoon  trough.  The  net 
effect  is  that  the  maximum  of  the  daytime  F  layer  occurs  at 
FB  about  2  hours  earlier  than  the  maximum  at  BL.  The 
arrows  at  the  top  of  the  figure  which  mark  the  occurrence  of 
noon  CGLT  for  each  station  show  that  the  F  layer  peak 
occurs  near  noon  CGLT  in  each  case.  Figure  llh  indicates 
that  this  peak  occurs  during  the  interval  in  CGLT  that  the 
station  passes  through  the  throat  of  the  convection  pattern. 
Displacements  of  the  daytime  F  layer  (east  to  earlier  LT. 
west  to  later  LT)  are  seen  also  at  the  lower  latitudes  in 
Figure  14.  the  east-west  asymmetry  decreasing  with  decreas¬ 
ing  latitude. 

For  the  two  stations  at  IF  the  displacement  of  the 
afternoon  trough  onsets  in  L.  I  Is  tlie  consequence  of  the 


approximately  from  60  to  75°  CGIat  at  5°  intervals.  As  a 
reference  the  parallel  of  geographic  latitude  at  64°.  which  is 
close  to  nearly  all  the  stations,  appears  as  the  dashed 
elliptical  curve  in  these  coordinates.  Thus  both  stations  in  a 
given  set  have  nearly  the  same  solar  ion  production,  neutral 
wind,  and  rotational  velocity  by  virtue  of  their  common 
geographic  latitude.  What  differences  exist  in  their  daytime 
F  layers  can  therefore  be  reasonably  attributed  to  the 


tablf:  2. 

Lalilude  Coordinates  of  ' 

'Identical  Twin' 

Stations 

Latitude 

Corrected 

Designation 

•Station 

Symbol 

Geomagnetic 

Geographic 

75  f; 

Frobisher  Bav 

FB 

75.4'' 

6,4.8' 

75  W 

Baker  Lake 

BL 

75.  r 

64. .V 

70  f; 

Narssarssuaq 

NQ 

69.0 

61.2 

7l)''W 

Yellowknife 

YF 

69.8 

62.4 

05  F 

Reykjavik 

RK 

66.  fi 

64.1” 

-  65  W 

College 

CO 

64.9' 

64.9” 

60  F 

Lyeksele 

LY 

61.2 

64.6 

60  W 

Providenya 

PD 

60.. V 

64  4 
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Noon  CGLT 


Fig,  14.  Trough  longitude  dependence.  For  each  set  of  identical  twin  stations  of  Figure  l.T  median  foF;  varies  with 
longitude,  so  that  there  is  a  relative  displacement  of  Ihe  daytime  F  layer  at  the  eastern  station  (solid  curve)  to  the  earlier 
LT  and  at  the  western  station  (dashed  curve)  to  later  LT.  This  displacement  is  in  the  same  sense  as  the  displacement 
of  noon  CGLT  for  each  station  shown  above  each  graph. 


onsets  being  coincident  in  CGLT.  That  is.  the  onsets  are 
displaced  from  one  another  in  the  same  direction  as  the 
values  of  noon  CGLT  (FB  to  earlier  LT  and  BL  to  later  LT) 
and  have  nearly  the  same  separation  in  LT  as  the  values  of 
noon  LT.  In  this  regard  the  medians  display  the  relation  seen 
on  the  individual  days  in  that  this  onset  occurs  at  virtually 
the  same  CGLT  at  the  two  stations  on  16  of  the  18  days  that 
it  was  recorded  at  both  (Figure  81. 

To  show  further  how  the  two  coordinate  systems  contrib¬ 
ute  to  this  daytime  longitudinal  effect,  noon  LT  is  plotted  for 
each  of  these  eight  stations  in  CGIat/CGLT  together  with  a 
two-cell  convection  pattern  [Heelis  et  al.,  1982]  in  Figure  1.“'. 
With  respect  to  the  noon  LT  meridian  through  the  east 
,  stations,  the  CGIat/CGLT  reference  frame  together  with  the 

convection  pattern  which  it  contains  is  rotated  clockwise,  or 
to  earlier  LT.  For  stations  in  the  west,  rotation  is  counter- 
I  clockwise,  or  to  later  LT. 

Because  the  convection  pattern  occurs  at  the  earlier  LT  in 
the  east,  the  morning  trough,  the  afternoon  trough,  and  the 
peak  in  /..Fi  which  occurs  between  the  two  are  observed  at 
the  earlier  LT.  In  the  west  the  convection  pattern  occurs  at 
the  later  LT  with  the  result  that  the  F  layer  peak  appears  at 
the  later  LT. 

The  east-west  asymmetry  in  LT  is  therefore  consistent 
with  the  differences  in  longitude  dependence  of  the  two 
principal  coordinate  systems  of  the  ionosphere-magneto¬ 
sphere  interaction;  solar  geomagnetic  (CGIat/CGLT)  in 
which  the  convection  pattern  resides  and  solar  terrestrial 


(geographic  latitude/LT)  in  which  solar  production  and  the 
undisturbed  daytime  F  layer  in  general  reside.  Since  the 
pairs  of  stations  are  at  the  same  latitude  in  the  two  coordi¬ 
nate  systems,  the  cause  of  the  longitudinal  effect  is  primarily 


NOON  LT  NOON  LT 

EAST  12  WEST 


Fig.  l.s.  Coordinate  system  relations  responsible  for  trough 
longitude  dependence.  Convection  pattern  shown  in  its  reference 
frame  of  CGIaFCGLT  together  with  noon  LT  meridians  for  the  four 
east  and  the  four  west  twin  stations.  With  respect  to  the  noon  LT 
meridian,  the  convection  pattern  and  the  resultant  morning  and 
afternoon  troughs  are  rotated  to  earlier  LT  in  the  east  and  to  later 
l.T  in  the  west.  This  is  the  reason  that  the  diurnal  maxima  of  the 
daytime  /•’  layer  are  seen  in  Figure  14  to  occur  at  earlier  LT  in  the 
east  and  l.iler  LT  in  the  west. 


1200 


1200  LT 


f  ig.  16.  Spatial  relationship  between  local  time  and  magnetic  local  time.  Northern  hemisphere  map  in  CGIat 
CGIong  of  the  contours  of  the  L  I  at  which  noon  CGLT  occurs.  In  general.  CGLT  leads  LT  in  the  east  but  lags  LT  in 
the  west,  so  that  convective  effects  resulimg  in  the  trough  occur  in  the  daytime  F  layer  at  earlier  LT  In  the  east  than 
in  the  west. 


the  longitudinal  variation  of  local  time  in  the  two  coordinate 
systems. 

The  latitude  dependence  of  the  LT  width  of  the  solar- 
produced  dtiytime  F  layer  is  also  consistent  with  this  two¬ 
cell  pattern.  That  is.  at  -  ly  the  daytime  F  layer  is  most 
narrow  in  L'f  because  the  time  interval  that  it  spends 
between  leaving  the  dawn  and  entering  the  dusk  cell  is  the 
shortest.  .-\t  70  the  daytime  F  layer  is  wider  because  this 

CGL'f  interval  between  the  cells  is  greater. 

At  lower  latitudes  the  trend  is  less  clear,  and  at  PD  the 
morning  trough  is  not  visible  in  the  median  values.  The 
morning  trough  thus  appears  to  be  smaller  than  the  afternoon 
trough,  which  is  consistent  with  the  dawn  convection  cell 
being  smaller  than  the  dusk  cell  |e.g..  Foster  ci  ol..  1986; 
Holt  ct  al..  19871. 

4..T  Local  Tittle  Relations 

The  general  relation  of  these  two  local  time  coordinates  as 
a  function  of  location  in  the  high-latitude  northern  hemi¬ 
sphere  is  illustrated  in  a  map  of  the  contours  of  the  LT  at 
which  noon  CGLT  occurs  (Figure  161,  fhe  two  time  coor¬ 


dinates  are  the  same  near  the  (T  and  18tT  CGIong  meridians. 
In  eastern  CGIong.  noon  CGLT  occurs  earlier  than  noon  LT. 
and  in  western  CGIong.  noon  CGLT  occurs  later  than  noon 
LT.  increasingly  so  at  increasingly  higher  latitudes.  CGLT 
can  be  said  in  general  to  lead  L'f  in  eastern  CGIong.  to  lag 
L'f  in  western  CGIong.  and  to  be  in  phase  with  L'f  near  O' 
and  180’  CGIong. 

The  pattern  of  Figure  16  is  thus  the  spatial  relation 
between  the  times  in  the  two  coordinate  systems  w  hich  give 
rise  to  the  longitudinal  dependence  of  the  daytime  trough 
and  the  resulting  east-west  asymmetry  of  the  daytime  Flayer 
seen  in  Figures  12  and  14, 

.>.  SUMM.VRV  ,.\ND  CONC  t.l  SIONS 

1.  The  trough  is  a  major  and  persistent  feature  of  the 
winter  daytime  F  layer  at  high  latitudes  during  this  study. 

2.  On  each  of  the  ."'I  days  of  this  study  the  worldwide 
sounder  network  detects  the  afternoon  trough  by  at  least  five 
and  as  many  as  17  stations,  maps  the  morphology  of  its 
equatorward  boundary  in  Cfilat  CGL'F.  and  observes  its 
continuous  existence  for  periods  up  to  18  hours  Cf. 
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3.  1  he  trough  in  the  alternoon  sector  is  an  integral  entity 
e.xtending  continuously  in  latitude  and  longitude  for  thou¬ 
sands  of  kilometers,  as  seen  hy  multiple  simultaneous  ob¬ 
servations  at  widely  separated  locations. 

4.  The  eiiuatorward  boundary  of  the  afternoon  trough  is 
observed  to  remain  nearly  stationary  in  CGIat/CGl.T  coor- 

.  dinates  for  durations  of  many  hours. 

5.  Because  the  afternoon  trough  decreases  in  CGIat  with 
increasing  CGLT.  ground  stations  are  carried  by  the  rotation 

‘  of  the  Earth  beneath  it.  so  as  to  detect  it  as  a  characteristic 

depletion  in  the  diurnal  distribution  of  electron  density  at  the 
F  layer  ma.ximum. 

6.  Because  of  this  morphology,  ground  stations  at  the 
same  longitude  see  the  afternoon  trough  as  a  depletion 
moving  equatorward  with  time. 

7.  The  daytime  trough  can  extend  continuously  from 
high  latitude  to  mid-latitude  and  hence  is  not  well  described 
in  terms  of  a  particular  latitude  regime. 

8.  The  daytime  trough  is  observed  to  exist  under  all 
conditions  from  quiet  to  disturbed,  contracting  to  high 
latitudes  during  quiet  conditions  and  expanding  to  lower 
latitudes  during  active  conditions.  The  increased  likelihood 
for  detection  when  expanded  is  apparently  the  reason  that 
the  daytime  trough  has  been  thought  to  exist  only  under 
active  conditions. 

9.  The  equatorward  boundary  of  the  afternoon  trough  is 
very  similar  to  the  convection  boundary  in  morphology  and 
in  activity  dependence. 

10.  The  morning  and  afternoon  troughs  are  observed  by 
ground  stations  w  hen  they  pass  through  regions  of  sunward 
convection  in  the  dawn  and  dusk  cells. 

1 1.  The  occurrence  in  L  f  of  the  morning  and  afternoon 
troughs  is  observed  to  vary  with  longitude  in  the  same 
manner  that  the  coordinate  system  of  the  convection  pat¬ 
tern.  CGlat/CG'  .T.  varies  with  longitude  with  respect  to  the 
coordinate  system  of  the  undisturbed  daytime  F  layer, 
geographic  latitude'LT. 

12.  The  spatial  variation  of  these  two  principal  coordi¬ 
nate  systems  of  the  ionosphere-magnetosphere  interaction  is 
such  that  CGL'f  leads  L  f  in  east  CGIong  and  lags  L'f  in  west 
CGIong.  As  a  result  the  daytime  F  layer  maximti  are  dis¬ 
placed  in  relation  to  one  another  to  earlier  L'f  in  the  east  and 
to  later  L'f  in  the  west. 

.Xi'Pi  Noix:  On  ihi;  Possibm  iiy  'fHAT  Othi  r 
Phi  NOMI  NA  Ari;  Misi  aki  n  i or  thi-:  Davtimi: 

I ROUOH 

This  appendix  discusses  whether  the  observations  attrib- 
j  uted  to  the  daytime  trough  and  its  relation  to  convection  can 

be  the  result  of  other  phenomena. 

One  area  in  which  other  phenomena  might  afl'eet  the 
i  interpretations  is  in  the  diurnal  distributions  of  ,/’,/%  from 

different  stations  compared  in  Figures  .‘'c.  I  In.  and  14.  Lhese 
comparisons,  between  members  of  the  identical  twin  sta¬ 
tions  of  Figure  13  and  fable  2.  take  the  undisturbed  daytime 
F  layer  electron  density  to  be  the  same  for  each  and  the 
differences  to  demonstrate  properties  of  the  daytime  trough. 
These  stations  have  nearly  the  same  geographic  latitude  not 
only  for  the  individual  pairs  but  also  for  the  entire  set  of  eight 
stations,  so  that  all  eight  have  nearly  the  same  solar  ion 
production,  pressure-driven  neutral  winds,  and  rotational 
velocities.  That  these  stations  have  the  same  undisturbed 
daytime  F  layer  electron  density  is  based  on  observations. 


These  observations  are  possible  lor  the  six  stations  below 
CGIat  within  the  interval  12(K)-L3(H)  L'T.  where  for  all 
six  the  F  layer  is  least  likely  to  be  disturbed  by  the  trough 
(Figure  14).  Within  this  interval  the  maximum  values  of./„/-2 
for  the  six  stations  are  nearly  all  the  same.  Accordingly, 
whatever  differences  exist  within  the  group  of  stations 
(including  magnetic  field  inclination  and  thermospheric  com¬ 
position).  the  efiects  are  not  detectable  in  the  daytime  F 
layer. 

'I  he  two  stations  at  -7.3“  cannot  be  compared  on  the  same 
basis  as  the  others,  but  the  facts  that  the  effects  of  other 
phenomena  are  negligible  at  the  six  stations  at  lower  CGIat. 
and  that  these  stations  span  a  large  spatial  range  and  variety 
of  conditions,  argue  that  such  effects  are  also  negligible  at 
~7.s“.  However,  these  stations  are  likely  to  be  subject  to  an 
additional  source  of  ionization  in  the  soft  particle  precipita¬ 
tion  present  in  (he  daytime  cusp/cleft.  The  effect  of  this 
precipitation  would  he  larger  values  of /'.FT  at  7.3“  than  at 
lower  latitudes.  However,  the  values  of./], FT  at  ~7.3”  are  the 
same  as  or  smaller  than  those  at  the  lower  latitudes  in 
Figures  14.  .3c.  and  I  L;  and  so  indicate  no  observable  effect 
of  particle  precipitation.  This  result  is  consistent  with  the 
absence  of  a  detectable  contribution  by  precipitating  parti¬ 
cles  to  the  maximum  of  the  daytime  F  layer  in  this  sector  as 
determined  by  the  Sondrestrom  incoherent  scatter  radar 
\KcUy  ami  Vichry.  1984). 

Thus  in  the  several  cases  where  individual  stations  are 
compared,  other  phenomena  do  not  have  observable  effects 
that  could  interfere  with  the  interpretation  of  the  trough.  In 
a  larger  sense,  when  taking  the  body  of  observations  as  a 
whole,  other  phenomena  cannot  be  mistaken  for  the  trough. 
That  is.  the  often  catastrophic  depletions  seen  in  the  diurnal 
distributions  of, /],FT  (Figures  3.  .3.  and  7)  are  show  n  to  be  the 
L'T  signatures  of  a  latitudinal  trough  (Figures  2  and  4).  In 
spite  of  extreme  day-to-day  variability  these  depletions 
appear  in  the  medians  for  the  month  (Figure  7.  also  evident 
in  Figure  12).  Furthermore,  the  depletions  are  observed  on 
nearly  every  day  to  be  a  part  of  a  spatially  continuous  band 
thousands  of  kilometers  in  extent  (Figure  8)  having  a  con¬ 
tinuous  duration  of  many  hours  (Figure  9)  with  a  morphology 
and  activity  dependence  consistent  with  convection  (Figure 
10).  In  the  course  of  its  existence  this  depleted  region  sweeps 
aeross  a  substantial  part  of  the  Earth's  surface  at  high 
northern  latitudes  where  it  retains  its  identity  as  it  encoun¬ 
ters  large  variations  in  solar  illumination,  particle  precipita¬ 
tion.  neutral  wind,  rotational  velocity,  magnetic  field,  and 
thermospheric  composition.  Accordingly,  the  ionospheric 
elTccts  of  these  phenomena  cannot  give  rise  to  the  macro¬ 
scopic.  persistent,  unitary  feature  identified  as  the  trough 
and  its  relation  to  convection. 
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